INTRODUCTION
Many of the most important tasks performed by radiologists can be characterised as visual search tasks in which the radiologist looks for one or more instances of one or more types of target item in a complex scene containing various distractor items. Cancer screening tasks are obvious examples of such radiological search tasks. To understand how radiologists do these tasks, it must be understood how the human 'search engine' works, more generally. Just as your internet browser has a search engine that allows you to specify the current object of search, your visual system comes with a search engine that tries to guide your attention to the current object of your visual attention. Obviously, the rules governing these search mechanisms are rather different from each other. The present authors' research is devoted to uncovering the principles of the human search engine and their application by experts like radiologists.
Not all medical image perception tasks have a prominent search component. If the radiologist is asked to interpret the meaning of the contents of some specific location in an image, performance will be constrained by human visual capabilities but not by the properties of the human search engine. Thus, if the radiologist is asked if he sees a fracture in this location or a tumour in that location, the answer will depend on acuity and contrast sensitivity (1) . If, however, the radiologist is asked to examine an abdominal computed tomography (CT) examination to determine if this crash victim suffered any internal injuries or if there are any metastases in the liver, then the answer will depend not only on vision but also on the ability to direct attention to the correct locations in the image. Only then can the interpretive processes be put to work. This article will review several aspects of human visual search performance as they apply to radiology. In some cases, the data come from the testing of radiologists. In other cases, the questions are raised in the context of radiology, but the data are collected from non-expert observers who are more available for the sort of extensive testing that may be required. The application of data from non-experts to the work of radiologists is based on the conviction that radiologists are experts who have learned to use the human search engine to perform specialised searches. Nevertheless, they remain subject to the rules and limitations of that search engine.
A series of questions will be addressed:
(1) How are attention and the eyes guided when radiologists search? (2) How might this guidance lead to errors in search? (3) What non-selective information can be used by radiologists? (4) How does the low prevalence of targets in screening tasks influence performance on those tasks?
HOWARE ATTENTION AND THE EYES GUIDED IN VISUAL SEARCH?

Guided search
Search is necessary because humans cannot fully process everything in the visual field at one time.
Object recognition is limited to one or, perhaps, to a small number of objects at one time (2) . Attention is not deployed randomly. Instead, it is guided to the likely target locations. Guidance can be broadly divided into three varieties. Attention is attracted to items and/or locations in the visual field that are 'salient' in a bottom-up manner. 'Bottom-up' salience refers to properties of the stimulus that do not depend on the observer's intentions. It is based on local differences in basic features (3, 4, 5) . Thus, for example, a red item among green or a moving item among stationary items will 'pop out' of a display (6, 7) in a bottom-up manner. It does not matter if the observer is particularly interested in that red item. It will tend to attract attention, regardless. See Wolfe and Horowitz (8) for a discussion of the limited set of attributes that pop out. These attributes are sometimes categorised as 'preattentive' since they appear to be processed across the entire visual field without the need to use attention to select individual items. Some other properties of the stimuli, while they may not produce pop-out by themselves, can guide attention by a more indirect route. For example, manipulating apparent depth can alter the apparent size of items and an item that now appears larger will attract attention, because size is one of the basic attributes that can guide attention (9) . A particularly interesting modulator is 'value'. A property will come to attract attention more vigorously if it is made valuable (e.g. by association with a monetary reward). Thus, if you pay people more to find red things than green things, they will learn to guide attention to items of the more valuable colour (10, 11) . The second variety of attentional guidance is topdown, user-driven guidance. 'Top-down' refers to the state of the observer. When a searcher has some representation of a target or targets in mind and guides attention to those items that share basic features of that target, that is top-down guidance. Thus, if someone is looking for a red letter, 'R', she will guide attention to red letters and ignore letters of other colour. For a radiologist looking for lung nodules in a chest CT, attention will be guided in a top-down manner towards items that are small and white and round. It is important to note that the representation of the target serves two roles. One role is the top-down guiding role. The second role is a decision role. Once attention is attracted to an item, a decision must be made as to whether the selected item matches the target representation. The guidance is limited to the basic features of the target. Is the item small, white and round? These guiding features are quite crude and categorical (12) . At the decision stage, it can be determined if this item is a possibly cancerous lung nodule based on much more subtle matching of visual stimulus to remembered template.
Bottom-up and top-down guidance are based on the properties of individual items. The third form of guidance is scene guidance; guidance based on an understanding of the scene contents and layout. For example, if you are looking for people in Figure 1 , you will guide your attention to locations where people are most likely to be (13) . You know that people do not float in the air and require a roughly horizontal surface to support them. These physical constraints are called 'syntactic guidance' (14, 15) . Moreover, based on the vast experience exploring the world, it is known that a human is more likely to appear in the scene in Figure 1 than a giraffe. This is called 'semantic guidance', guidance by the meaning of the scene.
Scene guidance is learned, and this can be seen in changes in the eye movements of radiologists as they increase in their expertise (16, 17) . Characteristically, trainee radiologists make more eye movements when evaluating an image than do experts, and those eye movements cover more of the area of the image. One might think that it would be desirable to look everywhere, but it is no more desirable to spend time looking for lung nodules where lung nodules do not occur than it would be to spend time looking for giraffes in Gothenburg, Sweden (the location of the scene in Figure 1 ). The reduction in the number and distribution of eye movements in expert radiologists probably reflects a combination of all of these forms of guidance. By developing a better template for the target of search, areas of the image can be removed from consideration. If you are looking for a dark vertical object in Figure 2 , there is no point deploying attention or the eyes to light or tilted items. If a radiologist is looking for lung nodules, there are some portions of the image that will not be examined because they do not typically contain lung nodules and there will be other regions that will not be examined because they lack the preattentive features that could turn out to be nodules if scrutinised.
Moreover, one can learn to ignore irrelevant, bottom-up signals. While attention is attracted to salient features in a scene, if these are known to be irrelevant, the tendency to attend to those signals can be suppressed, at least to some extent. Were this not the case, it would be found that attention would be continually pulled to salient irrelevancies like bright highlights on shiny surfaces. It is not possible to completely suppress the attention to salient stimuli. Some types of stimuli, like the onset of new objects, seem to be particularly potent in their ability to capture attention (18) . If given enough practice, no type of capture appears to be absolute (19) . However, it seems likely that, if liberated from the limits of what can be done to people in laboratory settings, there will always be some stimulus that will capture attention in a bottom-up manner or, as Sully (20) put it in the 19th century, 'One would like to know the fortunate (or unfortunate) man who could receive a box on the ear and not attend to it' (p. 146 of Ref. (20) ). These ideas can be summarised in the 'Guided Search' model (21, 22, 23) . Guided Search would propose that the radiologist has in mind a target; say, lung nodules. This representation gets translated into topdown guidance towards small, white and round items. Bottom-up attraction to the irrelevant red lightemitting diode (LED) on the monitor would be suppressed, at least somewhat. The expert's knowledge provides scene guidance to relevant parts of the image. All these sources of information are combined to create a 'priority map' (24) that represents the observer's best guess as to the likely location of targets. Attention is then directed to items in the order of their current priority. Items are selected, one after the other, and matched against the internal representation of the target so that the observer can make a decision: is this attended item a lung nodule or not?
There are many aspects of Guided Search that are beyond the scope of the present review. For example, how fast are items selected? How long does it take to process a single item (25) ? How does the priority map evolve over the course of a search? It must change as the eyes move about the image since the salience of items will change with their distance from the present fixation (26, 27) . How can observers avoid returning to salient locations that do not contain targets. It was originally proposed that each rejected location was inhibited (21, 28) , but this form of extensive 'inhibition of return' does not seem to operate in search (29) and more nuanced accounts of how the system avoids perseveration have been developed (30) . One last topic that will only briefly be mentioned here is the possibility of searching for multiple targets at the same time. For instance, that a radiologist looking for small white round nodules is also likely to be looking for a list of other possible findings. Search of a visual stimulus for multiple targets, held in memory, is known as hybrid search (31) . It turns out that humans are capable of searching for many types of target at the same time, though they cannot guide their attention as effectively to all the features of multiple target types. These and other topics are reviewed more extensively elsewhere (32, 33, 34, 35) .
WHEN MIGHT GUIDANCE PRODUCE ERRORS?
The processes of guidance, vital as they are, sometimes cause problems. The present authors conducted a study of the eye movements of radiologists as they searched for lung nodules in a 3D stack of CT images. On the last case, a gorilla was inserted into the lung (Figure 3 ). Fully 20 of 24 radiologists failed to notice this (36) . A gorilla, of course, is not a lung nodule, but it is the sort of 'incidental finding' that one might hope would attract attention. Why might it be missed? It is not because the radiologists were in any way negligent or inattentive to the task at hand. They were using their human search engine, and that search engine is subject to 'inattentional blindness' (37) . The authors' use of a gorilla was a homage to the classic inattentional blindness demonstration of Simons and Chabris (38) . In that experiment, observers were watching a basketball game and were instructed to count the number of times that the white team passed the ball. An actor in a gorilla suit wandered into the middle of this game, waved and left. About 50 % of viewers did not report the gorilla, even when asked if they had seen anything unusual. This chest CT experiment simply translated this experiment into the radiology domain. It can be seen as the downside of guidance. The radiologists were searching for small white nodules. In effect, they guided attention away from big black gorillas and worked to suppress any bottom-up salience signals produced by the gorilla. Thanks to top-down guidance, radiologists would have done better if the gorilla had been white. The better the match between the features of an odd item and the features of the target, the less severe the inattentional blindness (39) . Radiologists can be blind to more naturalistic stimuli as Potchen et al. (40) found Figure 2 . Illustration of bottom-up and top-down guidance. One item 'pops out' because of its bottom-up salience. Gray, round 'nodules' can be found by guiding attention in a topdown manner to gray and round items.
when they removed the clavicle from an image, only to have its absence missed. That particular example also serves to illustrate the difficulty in detecting the absence of a stimulus compared with detecting its presence (41) . For a similar example, see Lum et al. (42) . The 'inattentional' aspect of inattentional blindness can be seen in the eye movements of the radiologists in the study. In some cases, it might be argued that the gorilla was missed because it was never fixated so its image never landed on the fovea. In many cases, however, this was not the explanation. On average, the gorilla was fixated for about a second over the course of a trial; more than sufficient to decide whether an object is a target (43) . Thus, while most of the radiologists looked right at the gorilla, it was not consciously perceived due to the inherent limitations of the human search engine.
How are attention and the eyes guided in radiologists?
Beyond showing that radiologists are not immune to inattentional blindness, the authors' primary interest in the experiment described above was to look at the eye movements of radiologists as they searched through the 3D volume of image data that constituted the lung CT. There is a small, influential literature on eye movements in the XY plane as radiologists examine classic 2D images (44, 45, 46, 47, 48) . What happens when radiologists can also control where they are fixating in the z-direction by scrolling up and down through a stack of CT 'slices' through the chest? It was found that the behaviour fell into two broad categories, which were dubbed 'drillers' and 'scanners'. Drillers kept their eyes largely in one quadrant while moving through the depth of the stack. Then, they would move to a different XY location and drill back up through the stack, and so on. Scanners tended to look at many positions in the XY plane while holding depth constant. Then, they would move a small distance in depth and scan the XY image again (49) . Anecdotally, radiologists describe learning one or the other technique from their mentors, but is one method superior? While it was found that nodule detection was significantly higher for drillers, the sample (N¼24) was too small to be sure. Accordingly, an analogue of the task was developed for non-experts. Observers scrolled through a 3D volume of noise while looking for ambiguous letters. Ts were targets. Ls were not. Observers were instructed to be drillers or scanners. While the data showed that they followed the instructions, no difference between behavioural performance could be seen (50) . The result has the problem of a negative result. It could be that a different version of the experiment would give the advantage to one or the other method. For the present, however, it seems that both methods serve to encourage some form of systematic examination of the display and that either can be effective.
NON-SELECTIVE INFORMATION IN SEARCH
When talking to radiologists about screening tasks like mammography, experts will sometimes report that they get a feeling about a case from the first glimpse. They seem to sense that something is present before they find it. Forty years ago, Kundel (51) spoke of 'Interpreting chest radiographs without visual search' and incorporated the idea of global or 'gestalt' processing in radiographic interpretation (52) . Like guidance and inattentional blindness, this ability to extract meaning from a complex scene in a brief glimpse is an aspect of normal visual capabilities that radiologists have finetuned and applied to more specialised searches, through their experience with radiographs. Humans are able to extract the 'gist' of a scene in a fraction of a second. Thus, in ,100 ms, observers can determine if a scene is natural or man-made or if a scene is navigable or not (53) . The present authors conducted a study in which it was asked if mammographers could look at a bilateral mammogram for less than a second and determine if the woman should be called back at above chance levels. Subtle cancers were deliberately used: masses and architectural distortions, rather than bright white calcifications. Nevertheless, the experts could reliably make this decision at above chance levels when given a quarter of a second exposure to the image [d 0 ¼ 1.0, area under the curve (AUC) ¼ 0.75] (54) . The observers were also presented with an outline of the breasts and asked to mark their best guess for the location of a lesion, if one were present. In this task, the experts performed at chance. That is, there were times when they correctly detected that something was there, but they had no idea where.
PREVALENCE EFFECTS
How much scrutiny does the current scene deserve? This question needs to be answered constantly throughout the day: How long should one look for the perfect tomato in this display at the farmers' market? At what point should one give up looking for the keys in the purse and look somewhere else? Radiologists must develop an answer specific to their domain of expertise. How long should one look for pathology in this lung? There is a lot to look at in a 300-slice CT, but there are more patients waiting in the queue. Screening tasks such as screening for breast or lung cancer represent an important class of radiological search that comes with a distinctive feature: the targets are very rare. For instance, in mammography, the prevalence of disease in a North American screening population is on the order of 3 or 4 per thousand women screened (55) . Target prevalence in laboratory studies of search is typically 50 % (often more). Does prevalence matter? It has long been known from studies of vigilance that rare events are missed more often than common ones (56) , but in vigilance experiments, observers are typically asked to look for something, like a flash of light that is presented and then vanishes. A mammogram does not vanish. It is present until the radiologist chooses to dismiss it. What is the impact of prevalence in this case?
Low prevalence is also a characteristic of many non-medical screening tasks, like airport baggage screening. Indeed, in the present authors' first work in this area, baggage X-ray stimuli were used. As shown at the top of Figure 4 , with non-expert observers searching for guns and knives, it was found that falsenegative (miss) error rates were about twice as high at 2 % prevalence as they were at 50 % (57) . With the complex, possibly ambiguous stimuli, the primary cause of this effect was a criterion shift (59) . When targets were rare, observers were more likely to reject an ambiguous target. When targets were very common (e.g. 98 % prevalence in Wolfe and Van Wert (59) ), observers became much more likely to label an ambiguous item as a target. Importantly, the same items could be missed in low and found in high-prevalence situations. It is not the appearance of the stimulus that is changing. Rather, it seems that it is the unconscious decision rule that is changing. Observers also become faster to declare themselves to be finished with an image under low-prevalence conditions, but simply forcing them to slow down does not make observers markedly less likely to reject low-prevalence targets (60) . Thus, with non-expert observers, low prevalence increases miss errors and causes observers to terminate searches more quickly, but does this apply to experts, or does expertise immunise observers against these effects? The experiments that the authors ran with non-experts involved observers looking at thousands of images because, at low prevalence, you need thousands of images to get a reasonable number of target-present cases. This is not practical with radiologists. Instead, 100 cases were taken, 50 with and 50 without fairly subtle cancer, and slipped into regular practice at a large urban hospital (with appropriate consent from the radiologists in the women's imaging service). Less than one case per day was added so that not much of a burden was imposed on the practice, and the baseline prevalence was not changed very much. For comparison with that low-prevalence arm of the study, 6 radiologists were asked to read the 100 cases in a single block of 50 % prevalence.
As shown in the lower panel of Figure 4 , the error results mirrored those that were obtained with nonexperts. The radiologists had a false-negative rate of 12 % for these cases at high prevalence. At low prevalence, the false-negative rate was 30 %. That difference in percentage of cancers that were missed was highly 
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significant (x 2 (1) ¼ 11.77, p , 0.005) (58) . The falsepositive errors showed the opposite pattern with 20 % false positives at low prevalence and 27 % at high prevalence, though that difference was not statistically significant (x 2 (1) ¼ 3.04, p . 0.05). Similar results were found with cytologists reading cervical cancer screening slides (61) and with newly trained transportation security officers, looking at luggage X-rays (62) . In all cases, rare targets were missed more often.
Even though they had given consent, radiologists did not know when they would see a case in the lowprevalence arm of the study. Those cases simply appeared as part of the regular workflow. Thus, it is interesting that they missed more cancers while doing their 'real' job than they missed when participating in the study reading cases in the high-prevalence condition. Indeed, the same case that was missed in the low-prevalence situation would be found in the highprevalence situation. These results should not be seen as casting any aspersions on the professionalism or expertise of the radiologists in the present study. Humans are built to be conservative about positive evidence for rare events. When this makes you less likely to assert that you have seen aliens landing in the backyard, that conservatism is probably a good thing. When it causes an expert to miss a rare but important target, then it becomes a problem worth studying and worth trying to correct.
THE CHALLENGE OF MEDICAL IMAGE PERCEPTION
The examples of radiologic search, described here, make it clear that there are a host of interesting questions raised by the interaction of the human search engine with the tasks of clinical radiology. Is drilling actually superior to scanning? Is that missed gorilla related to 'satisfaction of search' errors in radiology practice (63, 64) ? Is the non-selective signal, present in mammograms, something that could be used to improve performance in mammography? Can we counteract the criterion shift at the heart of the prevalence effect? All of these are good research questions, but they are difficult to study. Radiologists are a limited resource as experimental observers. They simply do not have the time to participate in experimental settings, and there is a limit to how one can manipulate clinical practice in the service of research. It is possible to address many of these questions using non-expert observers. However, even though experts and non-experts are working with the same basic search engine, conclusions based on studies of naïve observers are unlikely to be accepted by clinicians without corroborating results from radiologists. Indeed, there is some reluctance in journal and grant reviewing to believe that there is any value in addressing problems in medical image perception by testing non-experts. It is worth working on these structural
